Study Highlights**WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?**☑ Hydroxychloroquine is currently of interest for treatment and prevention of coronavirus disease 2019 (COVID‐19). In the absence of therapeutic efficacy targets, optimal dosing is unknown. **WHAT QUESTION DID THIS STUDY ADDRESS?**☑ We examined various hydroxychloroquine dosing strategies and compared predicted plasma exposures to *in vitro* efficacy targets. **WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?**☑ Conventional malaria prevention and treatment dosing may not be sufficient to reach plasma concentrations that would be expected to inhibit or suppress severe acute respiratory syndrome coronavirus 2. **HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR TRANSLATIONAL SCIENCE?**☑ These findings are intended to guide the research community in optimizing dose selection for COVID‐19 prevention and early treatment trials.

 {#cpt1874-sec-0101}

The rapidly progressing coronavirus disease 2019 (COVID‐19) pandemic has led to overwhelming interest in treatment and prevention therapeutics. There is no approved therapy for COVID‐19, and a number of trials have been initiated, including hydroxychloroquine, losartan, remdesivir, tocilizumab, intravenous immunoglobulin, and convalescent plasma.[^1^](#cpt1874-bib-0001){ref-type="ref"} There are \> 100 recruiting or not yet recruiting treatment studies listed on clinicaltrials.gov as of March 29, 2020. Although reports have surfaced regarding the use of chloroquine and hydroxychloroquine, drugs used in malaria, the efficacy for COVID‐19 remains uncertain. Hydroxychloroquine has known *in vitro* activity against the severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) virus. However, the half maximal effective concentration (EC~50~) for SARS‐CoV‐2 virus is different than for malaria with a \> 20‐fold higher *in vitro* EC~50~ of hydroxychloroquine for SARS‐CoV‐2 vs. malaria. EC~50~ values for SARS‐CoV‐2 virus in the literature have ranged from 0.72--17.31 μM, with higher EC~50~ values generally associated with higher multiplicity of infections, indicative of a potential need for greater systemic exposure for the higher viral loads.[^2^](#cpt1874-bib-0002){ref-type="ref"}, [^3^](#cpt1874-bib-0003){ref-type="ref"}

Hydroxychloroquine is also proposed as a prophylactic agent in those at high risk, such as healthcare workers, the immunocompromised, and household contacts of infected individuals. Oral hydroxychloroquine was authorized for emergency use by the US Food and Drug Administration (FDA) on March 28, 2020, to treat adult and adolescent patients who weigh 50 kg or more hospitalized with COVID‐19 for whom a clinical trial is not available, or participation is not feasible (<https://www.fda.gov/media/136534/download>). It was not approved for SARS‐CoV‐2 prevention. There are no scientifically established doses for SARS‐CoV‐2. Although pharmacometric modeling and simulation has been used by several groups to propose potential regimens,[^3^](#cpt1874-bib-0003){ref-type="ref"}, [^4^](#cpt1874-bib-0004){ref-type="ref"}, [^5^](#cpt1874-bib-0005){ref-type="ref"} these are targeted for hospitalized patients with advanced disease and no models have specifically evaluated regimens in the context of prophylaxis.

What is known about the pharmacokinetics of hydroxychloroquine comes from use in indications outside of COVID‐19, such as malaria, rheumatoid arthritis, and systemic lupus erythematosus. Hydroxychloroquine has linear kinetics with a very high volume of distribution and readily distributes to a number of tissues.[^6^](#cpt1874-bib-0006){ref-type="ref"}, [^7^](#cpt1874-bib-0007){ref-type="ref"} The elimination half‐life is long with pharmacokinetic studies indicating it ranges from 5--40 days.[^7^](#cpt1874-bib-0007){ref-type="ref"} Because of the long half‐life, hydroxychloroquine concentrations are sustained for days after completion of the treatment course.

Our team recently launched a nationwide clinical trial examining the efficacy of short‐course hydroxychloroquine as post‐exposure prophylaxis or early pre‐emptive treatment against COVID‐19 (NCT04308668). We are also in the process of launching protocols for pre‐exposure prophylaxis in healthcare workers and organ transplant recipients. Choosing the correct dose for a clinical trial needs to consider the risk of toxicities but also ensure the best chance of successful achievement of therapeutic targets. Hydroxychloroquine doses used for malaria have been largely adopted for COVID‐19 treatment and prophylaxis. However, our team sought to re‐evaluate those doses, evaluate new doses, and generate a rational approach for dose selection using simulation models to proposed efficacy targets.

METHODS {#cpt1874-sec-0002}
=======

We simulated potential dosing regimens for pre‐prophylaxis and post‐exposure prophylaxis scenarios using hydroxychloroquine population pharmacokinetic parameter estimates derived from hydroxychloroquine plasma concentrations in 91 individuals (22 healthy volunteers and 69 patients with malaria).[^6^](#cpt1874-bib-0006){ref-type="ref"} The R package mrgsolve was used to build the population pharmacokinetic simulation in RStudio version 1.2.5033 (RStudio, Boston, MA). The median and 90th percentile of hydroxychloroquine simulated concentrations (*n* = 1,000 subjects) over time were calculated. The percent of subjects with troughs above the SARS‐CoV‐2 target concentration (EC~50~ 0.72 μM)[^3^](#cpt1874-bib-0003){ref-type="ref"} and median time above target were reported. For the pre‐exposure simulations, weekly troughs are reported, whereas for post‐exposure simulations daily troughs are reported. Because prophylaxis would be given before high viral loads are achieved, we targeted the lower range EC~50~ of 0.72 μM[^3^](#cpt1874-bib-0003){ref-type="ref"} and aimed to keep at least 50% of subjects above this target. For the post‐exposure and pre‐emptive treatment settings, we simulated exposures over 14 days to represent a typical incubation time for SARS‐CoV‐2.[^8^](#cpt1874-bib-0008){ref-type="ref"} We simulated the current FDA approved dosing for malaria treatment (800 mg followed by 400 mg at 6, 24, and 48 hours after the initial dose, a total of 3 days) and prophylaxis (400 mg weekly) and other regimens, such as those tested in recent COVID‐19 trials (i.e., 400 mg/day for 5 days or 200 mg 3 times daily for 6 days).[^9^](#cpt1874-bib-0009){ref-type="ref"}, [^10^](#cpt1874-bib-0010){ref-type="ref"} We also tested recommended regimens against an EC~50~ target of 1.44 μM to account for potential differences *in vitro* and plasma protein binding.[^11^](#cpt1874-bib-0011){ref-type="ref"}

RESULTS {#cpt1874-sec-0003}
=======

The simulated concentration‐time data for the tested regimens are shown in **Figure** [**1**](#cpt1874-fig-0001){ref-type="fig"} and in **Figures S1** **--S8**. **Table** [**1**](#cpt1874-tbl-0001){ref-type="table"} shows the percent of simulated subjects with hydroxychloroquine trough concentrations above the targeted EC~50~ [^3^](#cpt1874-bib-0003){ref-type="ref"} and the cumulative time above EC~50~ over the simulated drug treatment period (**Figures S9--S16**). First, we examined the current prophylaxis (pre‐exposure) and treatment (post‐exposure) doses for malaria. Simulations of once‐weekly dosing predicted that only 3% of subjects would have troughs above the target per week once steady‐state is reached (**Table** [**1**](#cpt1874-tbl-0001){ref-type="table"}). For the FDA recommended treatment dose of malaria (800 mg loading dose followed by 400 mg daily for a total of 3 days), simulations predicted 89% of subjects would have troughs above the target on day 1, however, this number dropped to 7% by day 14 post‐exposure after the start of prophylaxis (**Table** [**1**](#cpt1874-tbl-0001){ref-type="table"}).

![Simulated hydroxychloroquine dosing regimens for pre‐ and post‐exposure prophylaxis. Simulated hydroxychloroquine concentrations for 1,000 subjects for pre‐exposure **(a)** and postexposure **(b)** prophylaxis. Solid line is medium and shaded grey area is interquartile range. Percentage of subjects with troughs above targeted half maximal effective concentration (EC~50~) and median accumulative time above targeted EC~50~, at the end of each dosing week for pre‐exposure **(c)** and postexposure **(d)** prophylaxis.](CPT-9999-na-g001){#cpt1874-fig-0001}

###### 

Percentage of simulated subjects with troughs above targeted EC~50~ and median cumulative time above targeted EC~50~ (0.72 μM), by the end of each prophylactic durations, for pre‐exposure and post‐exposure prophylaxis[^a^](#cpt1874-note-0002){ref-type="fn"}

  Pre‐exposure prophylaxis, 12‐week simulation duration   Week 1   Steady‐state[^b^](#cpt1874-note-0003){ref-type="fn"}         
  ------------------------------------------------------- -------- ------------------------------------------------------ ----- --------
  0 mg LD + 400 mg 1×/week                                0%       0 day                                                  3%    1 day
  800 mg LD + 400 mg 1×/week                              15%      3 day                                                  3%    1 day
  800 mg LD + 400 mg 2×/week                              44%      6 days                                                 49%   7 days
  800 mg LD + 400 mg 3×/week                              69%      7 days                                                 75%   7 days

  Post‐exposure prophylaxis,[^b^](#cpt1874-note-0003){ref-type="fn"} 14‐day simulation duration   Day 1   Day 14           
  ----------------------------------------------------------------------------------------------- ------- ---------- ----- ----------
  0 mg LD + 400 mg q.d. for 5 days                                                                8%      10 hours   11%   0 hours
  800 mg LD + 400 mg q.d. for 3 days                                                              89%     23 hours   7%    0 hours
  0 mg LD + 200 mg t.i.d. for 6 days                                                              84%     16 hours   56%   24 hours
  800 mg LD + 600 mg q.d. for 3 days                                                              94%     23 hours   19%   0 hours
  800 mg LD + 600 mg q.d. for 5 days                                                              94%     23 hours   50%   23 hours
  800 mg LD + 600 mg q.d. for 7 days                                                              94%     23 hours   70%   24 hours

EC~50~, half maximal effective concentration; LD, loading dose.

Data were simulated in 1,000 subjects using published population pharmacokinetic data derived from hydroxychloroquine plasma concentrations in 91 individuals (22 healthy individuals and 69 patients with malaria) from South Korea.

Steady‐state is assumed to be achieved 7--8 weeks after dosing.
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We next simulated modified dosing scenarios and found, for pre‐exposure prophylaxis, that an 800 mg loading dose, followed by a 400 mg dose given 2 or 3 times weekly maintains weekly troughs above EC~50~ in 49--75% of the subjects (**Table** [**1**](#cpt1874-tbl-0001){ref-type="table"}, **Figure** [**1**](#cpt1874-fig-0001){ref-type="fig"} **a,c**), after reaching steady‐state. In the post‐exposure setting, simulations indicated that an 800 mg loading dose followed in 6 hours with 600 mg daily for at least 5 days, maintains daily troughs above the EC~50~ in 50% or more of the subjects for at least 2 weeks, the presumed viral incubation time (**Table** [**1**](#cpt1874-tbl-0001){ref-type="table"}, **Figure** [**1**](#cpt1874-fig-0001){ref-type="fig"} **b,d**). Lower doses performed less well (**Table** [**1**](#cpt1874-tbl-0001){ref-type="table"}, **Supplementary Figures**). For all regimens, a loading dose is a critical factor in rapid attainment of concentrations above the EC~50~ (**Table** [**1**](#cpt1874-tbl-0001){ref-type="table"}).

We also examined the treatment regimens tested in recently published reports (400 mg/day for 5 days vs. 200 mg 3 times a day for 6 days) and found that only the latter regimen maintained daily troughs above target in \> 50% of subjects (**Table** [**1**](#cpt1874-tbl-0001){ref-type="table"}).

When EC~50~ of 1.44 μM was targeted for the prophylactic setting twice and 3 times weekly dosing underperformed; higher or more frequent dosing may be required (**Table** [**S1**](#cpt1874-sup-0003){ref-type="supplementary-material"}). For post‐exposure regimens, 5 days of 600 mg daily dosing, \> 50% of patients were above target for 8 days, daily dosing for 7 days would be required to maintain prophylaxis for almost 14 days.

DISCUSSION {#cpt1874-sec-0004}
==========

In the absence of validated therapeutic concentration targets for COVID‐19 prevention or treatment, these simulations are meant to guide researchers in dose‐selection for COVID‐19 studies. Our aim was to optimize exposures above the *in vitro* generated EC~50~.[^3^](#cpt1874-bib-0003){ref-type="ref"} It is important to note that *in vitro* to *in vivo* extrapolations could either underestimate or overestimate actual drug requirements, however, they are a reasonable starting point in the absence of other data. Notably, therapeutic effect may be maintained even longer, as preclinical models have demonstrated up to 30‐fold accumulation of hydroxychloroquine in lung tissue.[^12^](#cpt1874-bib-0012){ref-type="ref"}

Similar to what has been proposed for treatment by other groups,[^4^](#cpt1874-bib-0004){ref-type="ref"}, [^5^](#cpt1874-bib-0005){ref-type="ref"} our simulations suggest higher treatment and prophylactic doses for COVID‐19 may be needed than those recommended for malaria. This is consistent with the \> 20‐fold lower *in vitro* EC~50~ for malaria compared with SARS‐CoV‐2.[^13^](#cpt1874-bib-0013){ref-type="ref"} Unlike with malaria, where dosing is recommended to start 2 weeks before travel to an endemic area, prevention for COVID‐19 requires more rapid attainment of therapeutic concentrations, thus supporting the rationale for a loading dose in the pre‐exposure prophylaxis setting. Although, in general, hydroxychloroquine is a well‐tolerated drug, increasing the dose may come with untoward effects that should be carefully monitored. Hydroxychloroquine systemic severe adverse effects include retinal‐toxicity and cardiotoxicity, however, these toxicities are mostly associated with daily and/or long‐term use.

We chose to simulate total plasma concentrations, as the *in vitro* generated EC~50~ was not protein‐adjusted yet, it was performed in the presence of protein.[^3^](#cpt1874-bib-0003){ref-type="ref"} Previous studies have shown that *in vitro* protein binding can occur in the presence of added protein but may not be equal to plasma protein‐binding that may be observed clinically in humans.[^14^](#cpt1874-bib-0014){ref-type="ref"} Therefore, we also evaluated our regimens against 1.44 μM EC~50~, which would assume no *in vitro* protein binding (i.e., most extreme scenario) and found that higher dosing would likely be required in the pre‐exposure setting, whereas the post‐exposure regimen performed reasonably, although target concentrations were not maintained as long. If higher EC~50~ targets are required, dosing may exceed the therapeutic index, although this is largely unknown for hydroxychloroquine in the context of COVID‐19. Notably, for many infections (e.g., malaria, influenza, and pneumocystis pneumonia), dosing for prophylaxis are substantially lower than those used for treatment but yet are highly effective.

As of March 29, 2020, two peer‐reviewed studies are available that examined the efficacy of hydroxychloroquine for treatment of COVID‐19, each testing a different dose, and each reaching different conclusions.[^9^](#cpt1874-bib-0009){ref-type="ref"}, [^10^](#cpt1874-bib-0010){ref-type="ref"} First, a clinical study from France tested 200 mg 3 times daily hydroxychloroquine for 6 days and reported a promising antiviral effect with polymerase chain reaction‐negative nasopharyngeal swabs in 14 of 20 patients by day 6, compared with 2 of 16 controls.[^10^](#cpt1874-bib-0010){ref-type="ref"} However, the authors noted that an additional six subjects on hydroxychloroquine were removed from analysis because they did not complete therapy, five of whom were still polymerase chain reaction‐positive at the time of dropout. This modest success is consistent with our model simulations. In contrast, a study performed in China tested 5 days of 400 mg/day and observed no difference between treatment and control groups, with 13 of 15 vs. 14 of 15 achieving viral negative swabs by day 7.[^9^](#cpt1874-bib-0009){ref-type="ref"} Our simulations have shown that 5 days of 400 mg without a loading dose was not sufficient to maintain daily troughs above the EC~50~ in 50% of the subjects for 14 days. Furthermore, patients with active COVID‐19 disease may require a different efficacy target due to higher viral loads.

These simulations used pharmacokinetic data obtained from healthy volunteers and patients with malaria, so caution should be taken in extrapolating to other populations, especially those who may have organ dysfunction, such as critically ill patients with COVID‐19 or recent transplant recipients. These data need validated in pharmacokinetic and clinical trials.
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